Life has it that there is never enough preparation for a crisis, uncertainty about the appropriate actions to recover from a traumatic experience, and insufficient awareness of proper responses to bothering situations. Human beings and the problems that they encounter around the globe are so different from each other, in so many aspects, that research into appropriate sets of solutions is paramount.
I. VISION INTRODUCTION
Life has it that there is never enough preparation for a crisis, uncertainty about the appropriate actions to recover from a traumatic experience, and insufficient awareness of proper responses to bothering situations. Human beings and the problems that they encounter around the globe are so different from each other, in so many aspects, that research into appropriate sets of solutions is paramount.
The convergence of recent technological advances and concepts, such as the cloud and high performance computing, information access/sharing, and Internet of Things enable the design of a Computation of Things (CoTh) framework with effective human-computer interaction for crisis situations. This paper illustrates how these advances could be employed and presents remaining challenges in its design and integration.
An initial architectural design for CoTh is proposed, integrating (1) participatory sensing and remote sensing platforms, (2) a computational analysis engine, and (3) visually-spectacular interfaces that support making the decisions [30] . The overall architecture borrows from multiple, heterogeneous designs to provide an efficient, generic CoTh platform. It includes studies of selected existing components for data integration [3] [10] [15] and the insights into the computation engine itself.
CoTh is an approach to understanding the individual self and its surrounding based on the micro-scale information that combines with macro-scale data to enable prediction 1 of different life scenarios. It serves to deliver guidance towards sustainable development for an individual, but if projected and combined with behavioral patterns of groups, communities, and nations, it provides knowledge about the world-wide changes and their possible global effects. A more technical definition of CoTh is provided in the proceedings.
The outlined vision of CoTh requires an analysis breaking the system down to its main objectives, requirements, and components. Section II provides selected individual-related scientific trends that constitute a basis for development of a more comprehensive definition for CoTh. This definition is then discussed in Section III. Here, the technological challenges are described and are then compared with the state of the art. In Section IV, the architecture proposal for CoTh is provided and the uniqueness of the computational paradigm shift is highlighted. Section V constitutes a preliminary achievability assessment of merging CoTh with the objectives of Digital-Earth vision. Also, risk factors and concept illustrations are briefly investigated. Conclusions complete the paper with a short summary and future plans.
II. SELECTED HUMAN-ORIENTED SCIENTIFIC TRENDS
Engineered systems are nowadays realized by increasingly extensive use of software components in such fields as embedded systems, cyber-physical systems, and ultra-large systems [22] . Thus, software is expected to have a far reaching impact on the industry, market, innovations, and everyday life in the near future.
A scientific understanding combined with appropriate methods and technologies for effectively developing softwareintensive systems on the scale of entire ecosystems is still missing, though [21] . The corresponding gaps in knowledge and capability are strategic challenges and roadblocks for continuous progress of applying technology. These gaps are unlikely to be addressed adequately by incremental research within isolated fields. Instead, a novel theory and methodological framework for dealing with the software intensity, quality, and functionality demands in a more comprehensive manner is necessary [22] .
In the research presented in this paper the main drivers are computational modeling, simulation, and analysis as well as their application for advancing human fulfillment level. This is then linked to the sustainability theory to enable engineering of a better, more aware, and more empowered quality of life. Sustainable development is defined as the development that "meets the needs of the present without compromising the ability of future generations to meet their own needs" [27] . The main objective of CoTh relates to the analysis of sustainability in human life, with a particular attention to the role of social activities and their geospatial dimension by application of novel computational methods to forecast future scenarios. In doing so, the Human-in-the-Loop simulation is considered as early as the design stage of the system.
III. DEFINING COMPUTATION OF THINGS
Definition of CoTh starts with an outline of its objectives and is followed by non exhaustive list of technical requirements and challenges to which will be added in ongoing research. Next, the technological state of the art on selected aspects related to CoTh is provided.
A. Objectives
CoTh serves as a means to introduce computational science in a manner that is accessible to society and makes an individual the key beneficiary of the technological progress. Computation is increasingly proliferating in our life. Rapid technological evolution is supposed to provide a more fulfilled and happier life where technology serves human beings instead of making us compulsive slaves to progress. Hence, the ultimate goal of CoTh is to employ technology to help guide an individual in finding the best balance and adapting to the evolving rules of change in any situation.
Novel attitudes to leveraging the existing datasets about humans and the surrounding physical and biological phenomena together with modern prediction algorithms allow for transformative thinking about a new kind of computational reasoning [29] . CoTh enhances the corresponding transformation by delivering a set of tools to take a conscious, scientifically-founded action as a response to computational thinking.
Thus, CoTh is a novel predictive approach that ultimately increases the awareness of society in various contexts. It requires a deep technological understanding of the current state of the art in many disciplines (e.g., social computation, human computing, knowledge-based computation, human-based computation, human-centered computing, citizen science, human-computer interaction, nature-inspired computation, etc.) and establishes a broad application expertise for every human using CoTh's ultimate results. Cross-cutting concerns (horizontal and vertical) between different domains within the specific field and across the fields and new analysis methods with a potential to reason on the level of an individual with the potential to explore impact on a global scale [12] . A person is becoming a realistic and reasonable source and recipient of knowledge (and wisdom) on forecasting their own walk-of-life alternatives.
The intent of CoTh is to provide a methodology and toolset to predict diverse turns of life on different levels. This is, for example, a set of predictions on the influence of carbon dioxide or particulate matter on the health of an individual; given that the person chooses a selected means of transportation and route for, say a year. Further, the manner, in which this correlates with the DNA of the individual or nutritional habit allows for estimation of health status, including various possible dangers or failures. From here, the approach can be scaled up to families, communities, and nations. Clearly, further criteria can be added to those examples. Depending on the considered group these criteria may include further risk exposures, such as likelihood of terrorist attacks in case of organizing the defense logistics, people's migration paths in case of severe weather conditions, effects of any resource scarcity crisis, or violence likelihood, to name a few. The applications of CoTh are manifold. Examples include selection of the safest and healthiest way for sending your children to school, choosing the best place to live in accordance with your preferences, but also specific personal conditions or diseases, up to individual evacuation plans during natural disasters.
Moreover, CoTh opens up a completely new awareness level of seeing things that matter or that should matter to develop sustainability in every person's life. It also addresses the issues relevant at a large scale. Using a platform that integrates, for example, mobile data collection, real-time weather data sources, and prediction models that take time and location as primary inputs provides an opportunity to explore the effects of decisions that are of a critical nature to humans [22] .
B. Technical Requirements and Challenges
The main goal of CoTh is to be accessible for everybody. It should be built oriented towards responding to the particular problems of an individual, for example, health, social behavior, pollution exposure, but more importantly addressing crossdomain problems, such as the impact of certain behavior on another behavior given selected states from other disciplines. Thus, components responsible for solving domain-and crossdomain issues should be anticipated.
One challenge to achieving this goal is to enable an access to data, knowledge, services, and predictions, ideally equal to everybody. Another even more demanding challenge is to allow for a proper ) analysis of data that can be acquired in this age of information technology. That is, the combination of domain-related forecasts, their impact on the life of an individual, and vice-versa.
The forecasting of scenarios should be possible by analysis of the data of an individual through time and space based on patterns to find similar situations and comprehensive sets of possible answers. Real-time data from sensors, such as devices and humans (e.g., those belonging to individual's social network) should be acquired to establish a current situational awareness. Further on, alert information about any sudden changes or anomalies that could significantly impact the life of a person should be supported (e.g., civilian guidance in environmental crisis [1] [5]).
Clearly, the multimedia and visualization interfaces for both the problem input and output scenarios constitute one of the factors determining the success of the user-acceptance level, hence, the breadth of the system application.
Revisiting the further long-term aim of CoTh to target selected groups of people, its application-and user-oriented conceptualization is similar to the Geographic Information Systems. It should support different views for different stakeholders with limited access to the processing units and temporarily irrelevant data.
C. Advancement of the State of the Art
Considering CoTh it is imperative to study software development practices because they ultimately allow for an artificial observance of rules in the natural sciences. Further, as CoTh is an advanced type of simulation, topics such as modeling, analysis, and synthesis are its integral components and model-based design techniques are a means to address them.
Computational modeling as such is an important element in the design of engineered systems. For example, computational models, because of their predictive power, are an essential part in designing efficient control strategies, decision-making, and early-warning systems. Given that a good model is one that helps solve the particular task at hand, a physical system may be represented by many different models. Each of these models is then most efficient for solving the particular issue under study, and, therefore, ideally only those phenomena observed in the system that are considered of importance are embodied by the model. All other phenomena are best abstracted away [3] .
On the other hand, the complexity of desired functionality and the difficulty of software design have proven to be a magnificent challenge for the design of reliable systems. This has brought about a need to raise the level of abstraction and to remove any 'accidental complexity' from the separate design activities. Model-Based Design has demonstrated its success in tackling these issues by supporting requirements traceability, executable specifications, automatic code generation, and facilitating continuous test and verification [17] [18] . Furthermore, CoTh is related to such terms as ubiquitous computing, pervasive computing, and everyware [8] but distinguishes itself in two main dimensions. It is leveraging the existence of connected computing devices and sensors embedded in the environment at the nexus of advanced electronics, wireless technologies, and the internet. It aims for a predictive evaluation of the activities of a human, though, and for that it is based on a new paradigm of computation, which will be outlined in Section 4. Clearly, CoTh is the response to the Internet of Things [7] [28] where all objects around us are envisioned to be in a near invisible network of radio frequency identification tags (RFID) deployed on them. These tiny, traceable chips are then connected to the internet in a plug 'n' play fashion, and, therefore, instantly create a global network of physical objects. Similarly, CoTh builds up on the concept of the Web of Things [26] defined as an alternative vision of how the Web of tomorrow could be expressed. Web of Things is then an extension towards a virtual mechanism emulating the sensing capabilities located worldwide. It is a type of connection between the physical and the virtual world.
Finally, the CoTh vision includes an abundant supply of computational capabilities for individual scenario prediction and decision-support that would be economically viable for every person on the planet. In this paper, the analysis and prediction core is given additional attention. The main obstacle in increasing the forecasting power of computational models is their still poor understanding and lack of accuracy that ultimately leads to extremely high verification and validation costs. Therefore, it is proposed to formally define the computational approximation (i.e., error) as a development artifact. This allows refinement of the semantics of a computational model by adding necessary modeling constraints and enforcing relevant domain characteristics of a dynamic system during development.
IV. TECHNICAL INSIGHTS INTO COMPUTATION OF THINGS
In this Section, a proposal for a CoTh architecture is discussed. It has been designed by mainly taking the perspective of scenario prediction. Following, a relation to previous work [19] [30] is discussed and the uniqueness of the solution is explained. CoTh architecture comprises three main components, the sensing, analysis (i.e., the actual computation), and decisionmaking part (i.e., synthesis). They all can be identified in Figure 1 . The sensing component (on the bottom left-hand side) includes both the government-and industry-enabled elements (e.g., satellites, sensors, cyber infrastructure) and participatory sensing [24] contributed by the so-called citizen scientists [4] [23].The former part can be based on such systems as a Multiagent Architecture for Coordinated, Responsive Observations (MACRO) [15] [23] that provides a natural computational infrastructure for enabling the deployment and operation of a sensor web, primarily designed to support the needs of future Earth Science Missions. The participatory sensing, on the other hand, could be based on the Platform for Participatory Sensing Systems (PSS) developed in [20] . It is an online tool that is based on the current geo-location and human activity patterns that allows for a continuous use of a mobile phone to explore and share how an individual impacts the environment and vice versa.
A. Architecture Proposal
Then, the scenario builder complements the user-oriented part of the system by letting the user input the queries of her/his interest. They are represented by text that is analyzed based on keywords, graphics analyzed based on key-objects, or domainspecific models (DSMs) analyzed based on key-elements (e.g., geo-elements, geo-parcels, etc). The agents and services translate the input using the functionality of DSMs and applying the transformation level capabilities. Also, the data coming from the underlying databases are fed to the engine. Here, the data integration level functionality is leveraged. Next, such concepts as semantics and ontologies find their application to create patterns and scenarios from the acquired data. Semantically-adjusted models of computation are then created, integrated, and matched with the numerical integration schemes (represented by the upper level of the system). This allows for executing the simulations and ultimately for production of the predictions. Additionally, the unit controlling the allocation of computation resources links the resulting models of computation with the computation and simulation engine. In this so-called next-generation prediction engine the actual forecasting of the scenarios takes place. The insights of this mechanism are provided in the proceedings. The forecasts are then sent back to the user visual interface indicating options to choose or to follow and to further explore.
B. Relation to Previous Work
In this work aspects relevant for Human-in-the-Loop converge to a common purpose, that is, focus on an individual person and its surrounding [30] . The merging of such fields as, for example, early-warning disaster systems, crisis crowd sourcing, or digital infrastructure plans exist, though, there is no common understanding in terms of combining them into one ubiquitous platform yet. Therefore the goal of this architecture is to provide conditions for an efficient integration of data, similarly as it is to some extent achieved in the area of disaster response [14] [25] .
This multi-disciplinary thinking should then allow for an in-depth analysis of the cross-cutting concerns existing in human life. For example, nowadays, it is not extensively researched how the possible health problems of a single individual being who is part of a selected social network relates to the change of climate. CoTh is going to change this trend and raise interest in a human being to automatically identifya set of existing conditions that otherwise could have been missed.
C. The Uniqueness of the Solution
As introduced before, the CoTh system architecture includes a computational analysis engine of which the unique details are highlighted below.
In the approach presented here, the accidental complexity of the code normally used for computation implementation is removed by application of a representation on a higher level abstraction. The reliability and verity of predictions is then increased by capturing the dynamics of the computation in an abstract notation, such as, for example, block diagrams provided in Figure 2 (right bottom). This declarative and purely functional, side-effect free approach makes solver dynamics explicit and allows a computational framework that enforces inherent dynamic systems semantics. As a result, correctness and consistency of the computations as representations of dynamic systems is guaranteed by construction at this level. The dynamic system representation can be directly derived from the physical and theoretical model parts and solvers, or it may be based on particular parts of the code. From here, through several lowering stages an implementation is derived that ultimately relies on code again for its execution. However, these computations are restricted to being correct in a dynamic systems sense.
V. REALITY CHECK
The vision of CoTh is grand and challenging. It piques interest, but clearly, it also introduces a lot of controversy. In this Section, CoTh is related to the even bigger picture. The risks of the initiative are listed and a couple of application examples are highlighted.
A. Embedding Computation of Things in the 'Big Picture'
The concept called Digital Earth (DE) has been recalled investigated for over a decade as a result of Gore's activities [8] . DE is envisioned as a multi-resolution, three-dimensional representation of the planet that would make it possible to find, visualize, and analyze vast amounts of geo-referenced information on the physical and social environment. It should allow users to navigate through space and time, access historical data and future predictions, and support scientists, policy-makers, and the society.
Although major progress has been made (see Google Earth service or NASA systems [15] [23]), the vision has still not been achieved. It is mainly because in parallel to the increased availability and access to information, human collective awareness of the need to understand interdependencies of environmental and social phenomena on a global scale has also increased [3] .
Globally-oriented initiatives, such as, for example, the Global Earth Observation System of Systems (GEOSS) [10] aim at linking existing monitoring systems and networks to achieve comprehensive, controllable, and sustained observations of the planet Earth. GEOSS is directed by the Group on Earth Observations [10] [11], an intergovernmental organization at the ministerial level comprising seventy three nations, the European Commission, and fifty two international organizations. A major role of GEOSS is to promote scientific connections between the observation systems that constitute the Earth system of systems, and promote applications across nine societal benefit areas as given on the left-hand side in Figure 3 .
Relating the objectives of CoTh to this vision of DE, CoTh represents a complementary element, akin to a metaphoric Digitalized Mirror of Human Life on Earth as given on the right-hand side in Figure 3 . Here, the objective is to promote the benefits for an individual across at least ten areas. Whereas CoTh holds similar promise for the society advancement, the challenges and limitations are corresponding to those related to DE. Research and new solutions are required in such areas as information interoperability, integration, spaceand time-based analysis, handling the heterogeneity of methodologies and domain semantics, prediction methods, quality measures, feasible visualization methods, proper architectural designs, infrastructure, open data sharing, and system impact analysis (e.g., privacy violence).
Clearly, CoTh is going intends to leverage the development of DE. It will be embedded in the similar infrastructure. In parallel, it is going to be enhanced with CoTh-related elements and follow the next-generation DE recommendations highlighted, for example, in [3] .
B. Risk Factors
The risk factors comprise at least two types of failure. Firstly, the challenges resulting from the integration and heterogeneity as well as the futuristic and multidisciplinary views may be too difficult to be solved within the next few years. Thus, the timeline for the realization of the vision is not well established. As a mitigating factor, however, considering the exponential growth and convergence of the underlying technologies, the solutions may emerge quicker than one anticipates [16] . From the industrial perspective, CoTh represents a candidate for the customer-oriented market. Here, similarly as in the case of DE, the competitive environment may direct its development into not quite urgently intended directions. Further, privacy and policy represent the issues already now. Technological game-changes developments, such as parallel computing, novel computational algorithms, and next-generation computation and prediction capabilities require strong abilities to adopt the CoTh system to emerging architectures and infrastructures. Inclusion of certain components in CoTh, for example, capturing human emotions in the correct fashion and their intersection with other domains can be misleading as much as they are in the real life.
In spite of these risks, computational progress can be of paramount importance for the society in developing human skills, applying computation results, and using these results to improve the quality of life. The thesis holds even more value if this progress enables a more sustainable and more environment-conscious living.
C. Illustration
To illustrate, the prediction scenarios enabled by CoTh can include, for instance, the geo-tracking of an ever-changing virus that can ultimately develop into a pandemic. This tracking can be correlated with how the migration of the virus relates to climate disturbances and, furthermore, this can be connected with the data on the past and future traveling plans of an individual. This information can then be leveraged in planning location changes and directing traffic better to help prevent the virus from spreading and help a single person adjust to the rapidly changing situation.
Another example is the mobility pattern investigation to guide a civilian in natural disasters as intended by [5] . The assessment of local behavior of civilians at a given point in time can be leveraged to predict their further movements and help them out as quickly and efficiently as possible.
VI. CONCLUSIONS
Conclusions comprise a brief summary of the paper and future plans on building the CoTh system.
A. Summary
An interesting question arises when a person analyzes the development of different scenarios based on our decisions. What if we had decided differently? What would be the implications? This paper presents a thought model that may be controversial but in turn holds promise of a breakthrough in applying technology for human everyday needs, with a particular emphasis on an individual and her/his meaning in the society of knowledge [21] . To illustrate a technological innovation for leveraging the best possible predictive conclusions from omnipresent information, a novel method of computation from previous work was recalled and embedded into the vision.
The aim of CoTh is to provide an accurate, precise, and well-understood manner for enabling the forecast of events that in turn trigger decisions shaping our own lives. In this regard, the further attempt of this research is to deliver a system that influences human generations with the agreement on the common vision of sustainable development. Here, another question arises. So what? CoTh is able to educate and increase the awareness on choice in life, the effects for the alternatives. This knowledge enables one to act wiser, live happier and purposeful, and contribute more to the society.
The technological contribution of this paper comprises the following issues. This sustainability drive intended with CoTh enables a shift of people's attention to things that matter to them and their future as well as that of future generations. Clearly, numerous challenges exist to realize this mission. The fundamentals of computational semantics should be revised and extensively researched to allow for providing highly reliable and at best self-verified predictions. Also, the approach presented in [15] [23] to incorporate seamless dynamic connectivity between different sensors, employs reactive and proactive strategies for improved analysis, and uses enhanced dynamic decision-making for rapid responses to changing situations will be further investigated. The architecture of the system is dependent on the above mentioned research, other existing trends (cf. DE vision), and the quickly transforming technological advances.
To that end, CoTh application holds market-related values. Its underlying analysis engine and thus the anticipated computational framework are the backgrounds of the system. If successful, they represent catalytic technological innovation and uniqueness distinguishing it from similar other attempts.
Finally, there is a distinct potential for a global impact of CoTh applications. Taking the challenges of climate change as an example, the developing countries are widely recognized as most vulnerable to its severe effects [1] . In Africa, the impact is exacerbated by its geographic location, but also lack of adaptive capacity in terms of developing economy, health, education, infrastructure, and governance. At the same time, the mobile phone is becoming the main technological device that is available to many [1] . Hence, if the trend persists, a cellphone-based interface of CoTh can bring its advantages to most all parts of the world. This implicates a global awareness revolution and so enables substantial progress towards sustainability.
Some religions or independent thinkers emphasize that the level of fulfillment and happiness in individual's life is a mirror of its life activities and soul states [13] . The message of CoTh application is to improve the quality of life with thoughts on scenarios that otherwise would not be so obvious and by that enriching the soul with a conscious and brave empowerment to lead a better existence. All that is based on the principle that we are one humanity or at least we can be regarded as such. Hence, whatever we do, it is contagious and impacts those around us [1] [13] .
B. Future Plans
Future plans include founding of a research laboratory oriented towards multiple countries that is to realize CoTh objectives with a number of international industrial, government, and research partners. The first orientation step is to conduct a set of interviews of citizens and experts on their most urgent domain-oriented needs related to predictions so as to enable a quick anchoring of the case studies. In parallel, the computation engine is being developed and selected algorithms are being studied [19] . Visual user interfaces and simplicity is targeted. The currently investigated case study comprises the implications of climate change on human health for a given region relating to the individual members of a selected social network and will be further developed.
The desire of people to know more about their future opportunities and impact will be, to some extent, fulfilled with CoTh and will allow for creating a better life based on scientifically-proven scenarios, not the stereotypes, prejudices, or lack of information.
